ABSTRACT A retrospective cohort mortality study was conducted among 8375 white male employees who had worked at the Oak Ridge National Laboratory for at least one month between 1943 and 1972. This plant has been the site of energy related research, including uranium and plutonium reactor technology and radioisotope production. Radiation doses, primarily from gamma rays, were generally low; the median cumulative exposure for workers was 0-16 rems. Historical follow up was conducted for the years 1943-77 and ascertainment of vital status was achieved for 92-3% of the cohort. Standardised mortality ratios (SMRs) were computed to contrast the subjects' cause specific mortality experience with that of the United States white male population. The observed number of 966 deaths from all causes was 73% of the number expected. Mortality deficits were also seen for arteriosclerotic heart disease (SMR = 0 75; 344 observed) and all cancers (SMR = 0-78; 194 observed). These results are indicative of the healthy worker effect and the favourable influence on health of the cohort's relatively high socioeconomic status. Non-statistically significant raised SMRs were seen for all leukaemias 16 observed), cancer of the prostate (SMR = 1 16, 14 observed), and Hodgkin's disease (SMR = 1 10, 5 observed). Internal comparisons of mortality (standardised rate ratios, SRRs) were made between subgroups of the cohort according to radiation dose level and duration of employment in various job categories. No consistent gradients of cause specific mortality were detected for radiation exposure. Leukaemia mortality was highest among workers with : 10 years employment in engineering (SRR = 2.40) and maintenance (SRR = 3.12) jobs. The association of leukaemia with employment in engineering was unexpected; maintenance jobs entail potential exposures to radiation and to a wide range of organic chemicals, metals, and other substances.
Checkoway, Mathew, Shy, Watson, Tankersley, Wolf, Smith, and Fry myeloma among people with cumulative doses greater than 15 rems. "'5 .
The present investigation is a retrospective cohort mortality study of workers exposed to low doses of ionising radiation at a national energy research laboratory. The objective was to examine mortality patterns in relation to occupational radiation doses and with respect to job assignment experience at the plant.
Methods and materials STUDY SETTING
The Oak Ridge National Laboratory (ORNL) located in Oak Ridge, Tennessee, was founded in 1943 as part of the second world war Manhattan Project. Its original functions were to provide facilities for research and development for the atomic pile project, to serve as a pilot plant for the Hanford Engineer Works, and to produce small quantities of plutonium. In postwar years ORNL has expanded its scope of activities to include fission and fusion power research, heavy element ion research, chemical processing and separation of radioisotopes, and basic research in the engineering, physical, and biological sciences.
STUDY POPULATION
During 1943-77, 20 646 people worked at ORNL. The population of ORNL workers was first enumerated from personnel files in 1964 by Mancuso and his co-workers from the University of Pittsburgh, and the enumeration has been updated subsequently from the same files. The study cohort was restricted to 8375 white men who worked for periods of at least 30 days at any time from 1 January 1943 to 31 December 1972. The duration of employment was determined from job history records. The cohort was restricted to those not known to have worked at any other plant of the United States Department of Energy or its predecessor organisations. This restriction was imposed in an attempt to limit the evaluation of occupational exposures and related health effects to those pertinent to ORNL. Hourly and salary paid workers were included in the study population. Table 1 summarises the numbers of workers and their reasons for exclusion or inclusion in the final study cohort. Table 2 shows the age at hire and table 3 Radiation, work experience, and cause specific mortality among workers at an energy research laboratory 527 Table 6 presents the distribution of cumulative external radiation doses received by cohort members. The 597 workers with unknown dose include those who worked before radiation monitoring was performed routinely throughout the plant. The cumulative doses were generally low, the median dose was only 0-16 rems, and only a small fraction of the cohort (7.2%) accumulated doses in excess of 5 rems. The total population dose for those with known values was 13 471-5 rems. Radioisotopes handled during production and research activities were the principal source of internal contamination. Evidence of the extent of such contamination was determined by urine and faecal bioassays and by whole body counting (in vivo gamma spectroscopy). The bioassay programme, begun in 1951, and whole body counting, begun in 1962, continue to the present. Throughout, only persons considered potentially at risk for internal contamination were monitored. The doses of radiation contributed by internally deposited radionuclides were not available because the data needed to compute doses for the many different radionuclides used at ORNL were not computerised, and the effort that would be required to do so was not considered to be justified for this analysis. Knowledgeable plant health physicists and monitoring personnel report that internal radiation doses have been substantially lower than external doses. Also, because a high degree of correlation probably exists between levels of the two types of exposures, separate analyses of mortality patterns in relation to internal doses would probably be redundant. JOB 
CATEGORIES
The workers' employment records contain detailed information on jobs and departments and the associated dates of employment. Several hundred distinct job and department classifications were grouped into 11 broad job categories considered to be relatively similar with respect to job duties and potential for exposure to radiological and nonradiological substances. The assignments were based on reviews of job descriptions, materials used and, where data permitted, on health physics and industrial hygiene monitoring data. Knowledgeable plant personnel assisted in this effort; the job categories are described in table 7.
STATISTICAL ANALYSIS
The overall mortality patterns of the cohort were examined by means of contrasts with the experience group.bmj.com on June 19, 2017 -Published by http://oem.bmj.com/ Downloaded from '7 In the evaluation of cause specific mortality in relation to external radiation exposure, personyears of observation, by five year age and calendar year groups, were allocated to the following cumulative dose categories: 0, 0 001-0 999, 1 000-4 999, and >5 rems. SRRs were computed for selected causes of death for three duration of employment categories, <1 (including 0), 1-9, and a 10 years, for each of the 12 (including unknown) job categories. Age and calendar-year stratified person-years were allocated to all employment duration categories achieved. Counting of person-years for the <1, 1-9, and , 10 categories began 30 days after first employment, at the exact date and age when one year of employment in a job category was reached, and at the exact date and age when 10 years of employment in that job category was attained, respectively. (1) 1*00 (7) 3-77 Radiation, work experience, and cause specific mortality among workers at an energy research laboratory 531 Further investigation of leukaemia among members of this cohort will focus on potential aetiological associations with specific chemical exposures encountered by workers in maintenance and other jobs. Additional follow up of the cohort should provide useful information concerning the dose effect relations of radiation with specific causes of death.
Results

OVERALL FINDINGS
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